Background. The memory effect of dexmedetomidine has not been prospectively evaluated in children. We evaluated the feasibility of measuring memory and sedation responses in children during dexmedetomidine sedation for non-painful radiological imaging studies. Secondarily, we quantified changes in memory in relation to the onset of sedation. Methods. A 10 min bolus of dexmedetomidine (2 mcg kg
radiological imaging has been widely reported [10] [11] [12] [13] [14] [15] [16] [17] , with a loading dose given over approximately a 10 min period.
The effects of dexmedetomidine on memory function have never been studied in children. The clinical scenario of infusing dexmedetomidine over a 10 min period to achieve adequate sedation for MR scanning, provides an opportunity to measure changes in memory as sedation ranges from awake to verbal unresponsiveness. Effects on memory are best defined when sedation levels are increasing relatively slowly as are present when dexmedetomidine sedation is induced over 10 min. In the current study, memory and sedation effects were modelled in each individual during the period of responsiveness as dexmedetomidine was infused. To our knowledge this is the first study of this nature in children.
The primary objective was to determine if data of suitable quality could be obtained in children in this clinical setting to model memory and sedation responses. We used a standardized visual picture naming task 18 to assess memory during drug infusion as sedation increased. Memory and sedation effects of dexmedetomidine were secondary end-points of this study. These effects were quantitated by modelling how long after the start of infusion 50% probability of subsequent recognition memory occurred in relation to 50% probability of loss of verbal responsiveness, as a measure of sedation.
Methods
No previous data were available to optimize study design. The study cohort consisted of children undergoing sedation for MRI scanning and recruitment continued consecutively until a sample of 30 children was available for analysis. We did not apply a formal sample size calculation. Feasibility was defined by 25 or more of patients fully completing the recognition memory task and yielding usable parameter estimates for modelling, within a reasonable accrual time frame (approximately 1 yr). This end point was met, and the current manuscript also reports results of modelling memory and sedation thresholds. Children undergoing sedation for MR imaging lasting more than 15 min were included. A control group of children to determine performance on memory tasks without any sedation underwent MR imaging without sedation. Analysis groups included children who were able to complete all study tasks and required no rescue medications. Inclusion criteria included English-speaking children between four and 14 yr of age, with a minimum weight of eight kg, and able to comprehend and perform the picture naming task. Exclusion criteria included allergy to dexmedetomidine (for those patients requiring sedation), pregnancy, and recent use (within five half-lives) of centrally acting medications that could affect concentration (e.g. diphenhydramine).
The study was approved by the Boston Children's Hospital Committee on Clinical Investigation and registered at Clinical Trials.gov (NCT02354378).
The picture-naming task used in this study consisted of black and white line drawings obtained from a standardized dataset (International Picture Naming Project) 18 , which include pictures from the original Snodgrass and Vanderwart set. Pictures were selected so that children of the age range planned in the current study would be able to name them without difficulty.
After informed consent was obtained on the day of the procedure, prospective subjects were tested in the waiting room to see if they understood how to perform the naming task, and were asked to name a series of practice pictures (20 different pictures, one shown every five s). Any verbal response was noted (i.e. I don't know or an incorrect identification of an object was considered an adequate response). Those who failed to provide at least eight responses of the 20 pictures shown were withdrawn from the study. The practice pictures were different from the study pictures used to test memory in the encoding and recognition tasks.
Encoding task
Each subject was brought to the MRI scanner. Children requiring sedation received dexmedetomidine 2 mcg kg À1 intravenously over 10 min, per established and approved institutional protocols. As soon as the infusion was started, 100 study pictures contained in a non-ferrous flipbook, were presented one every five s, until the child was unresponsive (i.e. the child's eyes were closed).
Response time was defined as the time from presentation of a study picture to the time the subject verbalized a response. An observer noted correct/incorrect response by key-press on a laptop using E-Prime software (PST, Sharpsburg, PA), which displayed study pictures in the same sequence as those presented in the flip book. As this was a feasibility study in an MR environment, direct measures of reaction time were not obtained, as this would have required specialized equipment not available in the current clinical setting.
After infusion of the dexmedetomidine 'bolus', sedation was then maintained with a continuous infusion of 1.5 mcg kg hr À1 i.v. until completion of the imaging study. If necessary, rescue medications (propofol, penotobarbital) were administered to maintain an adequate level of sedation in order to complete the scan. Any patient receiving rescue medication was not included in the analysis group.
Recognition memory task
Recognition memory was tested in the post-anaesthesia care unit (PACU), after discharge criteria were met (minimum Modified Aldrete Score nine, maintained for a minimum of 30 min). Each subject was presented with 100 pictures, one shown every five s; half of these had been shown during induction of sedation. The pictures and sequence were identical for each child.
Any verbal response was scored as positive regardless of correctness of naming. Importantly, during infusion children were asked to name the picture to ensure that the mnemonic processes engaged were consistent across children and pictures
Editor's key points
• One aim of procedural sedation, at least in some settings, is to provide amnesia.
• Dexmedetomidine has been shown to suppress signalling pathways in the hippocampus.
• This study found that memory functions can be reliably assessed in young children.
• Dexmedetomidine seems to separate the sedation-recall curves, indicating some impairment of memory function.
were attended to (memory is decremented by lack of attention and modulated by the processing engaged during stimulus presentation). 19 For each picture, the child nominated by verbal yes/ no response whether it had been shown previously. Responses were coded as true positives (correct recognition of a previously presented picture, 'hits', '1'), false negatives ('no' for pictures that were shown before, '0'), and false alarms, FA, for pictures nominated as 'yes' but not shown before.
Subsequent memory paradigm
By definition, memory is a retrospective behavioural measure. In other words, when a stimulus is presented, one cannot know if it is remembered until memory for this stimulus is tested at some time later, a procedure called subsequent recognition.
Recognition is tested using equal numbers of previously presented and novel (not presented) stimuli to test for guessing, especially relevant in this age group. For example, if a child says "yes" to every picture, a 100% hit rate will be obtained (each previously presented stimulus had a correct response). Thus, a false alarm rate is obtained as an estimate of guessing. The false alarm rate is a "yes" response to a novel stimulus, and the expectation is that there will always be some false alarms. However, if it is unusually high (e.g. greater than 20%), then correct recognition (hits) data are likely unreliable. Two patients who substantially surpassed this threshold were dropped from analysis.
The first presentation of a stimulus occurs during 'encoding' and testing for memory of that stimulus occurs during 'recognition'. Using the results of recognition (whether a stimulus was or was not remembered), one can retrospectively mark a stimulus presentation during encoding as being subsequently remembered or not. This procedure is called a subsequent recognition paradigm. Using this method, one can investigate changes in condition during encoding (such as the presence of a drug) to determine their effect on memory. In the current study, subsequent recognition of previously shown pictures was tested and results were matched with the verbal response for those pictures during induction, the period of memory encoding.
Relation of sedation to subsequent recognition memory
This subsequent memory paradigm allowed us to determine the time from the start of infusion at which 50% probability of subsequent recognition memory occurred and the time at which 50% probability of sedation occurred using time as a predictor variable. We anticipated significant inter-individual variability. Thus, responses were quantitated at 50% probability, which would provide more reliable estimates than smaller or larger probabilities, for example 10% or 90%. At these more extreme points the number of assessable stimuli before or beyond 10% or 90% would be few.
Methodologic considerations
Training of research staff was conducted by the senior investigator (R.V.) who had extensive experience in conducting memory studies in volunteers, to ensure consistency in task administration, competency with E-prime software for picture presentation, and response recording during encoding and recognition.
Statistical analysis
Descriptive statistics were generated to characterize the study samples, using frequencies for categorical variables and means (median) and standard deviations (confidence interval) for continuous variables.
Modeling memory and sedation responses
These involved calculation of a sedation and a memory threshold for each child. The number of stimuli presented during encoding was empirically balanced between sufficient numbers to fit threshold functions, vs too many for children to continue efforts at the naming task. 20 We were concerned with a possibility of some stimuli being too difficult to name for children of this age group, as some stimuli (e.g. typewriter) had a very low verbal response rate as accruals began. A control group was accrued to investigate this possibility, and children undergoing MRI scanning without sedation completed the same study paradigm as children receiving dexmedetomidine. Initial attempts to model responses using an asymmetric Weibull cumulative density function were unsuccessful in the first 10 individuals, and responses were instead modelled using a logit link model of binary responses (response-no response at encoding, hits (1)-false negatives (0) determination at recognition). The model was used to estimate the effect of drug, treating time or concentration as a random effect to estimate child-specific responses, accounting for over-dispersion, and assuming the correlation between individual responses were unstructured. Plots of individual children were generated using generalized linear mixed models. Statistical interaction terms were included in the models to test for a difference in response over time and precited concentration. All statistics were generated using statistical analysis software (SAS, version 9.3; SAS Institute, Cary NC). Mixed models were estimated with the GLIMMIX procedure, all statistical tests were two-sided with an a ¼ 0.05.
Drug concentration modeling
To explore the possibility that dexmedetomidine concentration might be a better predictor of response than time (study picture number), predicted serum concentrations for each individual were modelled using Stanpump software (previously downloaded from at http://anesthesia.stanford.edu/pkpd (last accessed 6/19/2008), current URL http://opentci.org/code/ stanpump) using the human study 3-compartment kinetic parameter set. These were modelled against memory and sedation responses similarly to that described in the Statistical Analysis section. Table 1 reports the patient characteristics of the study groups. Of 64 children who were consented, 54 started dexmedetomidine infusion, five did not need sedation for the procedure (decision made after consent obtained), two required inhalation induction by mask (after practice phase), and three were withdrawn by parental request after practice phase. Of the 54 children who started dexmedetomidine infusion, 12 needed rescue medication to perform the procedure (propofol and/or pentobarbital) and were excluded from the analysis group. Of the remaining 42 children, four dropped out during the encoding task (one computer crash, three unable to complete), and six were unable to fully complete the recognition task. Two additional children were excluded from analysis because of high false alarm rates, being 42 and 72%. Thus, 30 children completed all study tasks, and all 30 individual memory and sedation responses to dexmedetomidine were able to be modelled.
Results
The control group consisted of 16 children, who were tested to determine if any of the picture stimuli were difficult to recognize, and this was not the case. As these children were able to undergo MR scanning without sedation, it is not surprising that they were older and weighed more. Patients stayed after the procedure as long as was tolerable for them and their legal guardians. Despite this, recognition testing was done somewhat earlier than in the dexmedetomidine group. As patients were not randomized to groups, no statistical inferences were made between control and drug groups.
Encoding responses
The primary measure of sedation was a verbal response. However, there were a number of different verbal responses made to naming a picture, which include correct naming, incorrect naming, 'I don't know' naming, and the lack of a response even though the patient still had their eyes open. It is possible that encoding was affected by the nature of the response (e.g. correct naming might be more memorable than non-response), and this possibility was explored, with results reported in Table  2 . There were few non-correct naming responses (all categories other than correctly named response), and comparison with hit rates for correctly named pictures revealed no difference (t(29) ¼ 1.79, P¼0.09) for patients receiving dexmedetomidine. The patients in the control group demonstrated significantly better hit rates for noncorrectly named stimuli (P¼0.003), though only about 10% of items were incorrectly named, and hit rates for all categories were close to 1.0.
Recognition responses
Though two children in the dexmedetomidine group with high false alarm (FA) rates were excluded, FAs still occurred in the remaining subjects. These were at a low rate (5.7 [4.9]%, 1.0 [1.0]% in the control group), which did not change through the length of the recognition list (first vs second half, t(48) ¼ 0.99 P¼0.33). Thus fatigue during the recognition task did not appear to be a consideration in task performance. Hit rates (correct recognitions of previously seen pictures, see Table 2 ) were corrected for the FA rate for each individual. Any hits for stimuli presented after eyes closed were considered false alarms, and were included in the false alarm rate.
Additional insight into recognition performance was provided by signal detection theory. 21 This method provides measures describing two overlapping normally distributed curves representing internal evidence, for an item being truly experienced before (old) or not (new). The separation between peaks for old and new is a measure of how easy it is to discriminate old and new items (similar items are harder to discriminate, e.g. 'snow'/'show' or 'snow'/'powder' vs unrelated items e.g. 'fork'/ 'shoe'), and is reported as d' (a value greater than 1.0 indicates good recognition performance). The overlap between curves is a 'grey zone,' where it is unclear if an item is old or new. In this case, where internal evidence is relatively equal between old or new, a feeling of how familiar an item is ('gut reaction') sets an internal criterion for judgement. Some people need little familiarity before indicating 'old' (liberal bias, c < 0) whereas others require a high degree of familiarity before indicating old (conservative bias, c > 0). These signal detection measures of recognition response were calculated for stimuli that were presented during encoding when the child was not asleep. In the dexmedetomidine group, distribution of hits data were no different from normality (Kolmogorov-Smirnov(30) ¼ 0.103, P¼0.2), and d' Table 2 ) Response bias criterion (c) was still conservative, but not as conservative as patients receiving dexmedetomidine. However, direct comparison is not warranted, as groups were not randomly assigned. Additionally, recognition hit rates were very high in the control group, and the FA rate was very low (near ceiling/basement effects). Any differences should be considered as hypothesis generating only. We tested for correlation between age and criterion (c) within group only, and found no significant correlation in either dexmedetomidine group (P¼0.10) or control group (P¼0.11).
Response modeling
The threshold end-point was 50% probability of subsequent recognition memory or 50% probability of sedation, with time as a predictor variable. Time was a significant predictor of both sedation and memory responses, (P<0.001, standard error P<0.005). Confidence intervals could be calculated for the primary endpoint of response probability, but because of the nature of time being a predictor variable, a similar measure could not be determined for time. The time to achieve 50% (CI 45.8% -52.2%) sedation was 340 s, and was longer than the 245 s to achieve 50% (CI 47.7% -53.0%) probability of no recognition (see Fig. 1 ).
To illustrate the variability in responses, individual differences between 50% sedation and 50% memory effect are illustrated in the histogram portion of Fig. 1 . Most (23/30) patients lost memory within two min before the loss of verbal response. Modelling responses against dexmedetomidine concentrations revealed similar relationships, with concentration being a significant predictor of memory and sedation response (P<0.001, standard error P<0.03, Fig. 2 ). Attempts to model sedation using verbal response times were unsuccessful, the models did not converge.
Discussion
This is the first investigation we are aware of reporting the memory effects of dexmedetomidine in children of this age. The common use of dexmedetomidine for procedural sedation in infants and children, particularly for non-painful, diagnostic radiological imaging studies, allowed an opportunity to examine more precisely the relationship of drug induced sedation to memory function in the clinical setting. 5 22-27 The feasibility of measuring memory and sedation responses in this setting was demonstrated by the fact that individual responses could be modelled in the 30 children included in the final data analysis. Roughly equal numbers of patients were excluded from final analysis on the basis of rescue medication needed to achieve adequate sedation for the procedure, and inability to complete the necessary encoding and recognition tasks. Events during encoding of a memory were related to the presence or absence of recognition memory at a later time, using the subsequent memory paradigm. Sedation affects memory processes 'upstream' from ones that are affected by the amnestic actions of drugs. Sedation prevents memory formation on the basis of inattention, with no information being processed from working memory to longer lasting memory (encoding impairment). Amnestic doses of midazolam or propofol, for example, allow a memory to be formed, which is rapidly lost over time (forgetting). [28] [29] [30] As the memory effect of amnestic drugs is changing rapidly during a 10-30 min period after encoding, subsequent recognition memory testing is best done beyond this time frame, and in current study was done after imaging and recovery from sedation. 29 31 Thus, amnesia in the sense of lack of memory for events occurring at drug concentrations causing little sedation, is most evident when drug concentrations are increasing slowly, or are held constant over increasing steps such as in studies using volunteers. 28 29 32-35 Clinical constraints limited how slowly dexmedetomidine could be infused, and measures of memory and sedation were constantly changing over time, which we attempted to model using binary classifications of sedation and memory responses. The relation of subsequent recognition memory to sedation responses over time or concentration are close and roughly parallel. Individual comparisons between 50% probabilities of subsequent recognition memory and sedation revealed a consistent separation. In the current study, the leftward shift of the subsequent recognition memory response curve in relation to sedation produced the separation, and could be a result of encoding impairment, forgetting of encoded material by the time recognition testing takes place, or a conservative response bias. In the current study it is impossible to clearly differentiate between encoding failure (on the basis of sedation) and forgetting (amnestic effect), but a conservative response bias was clearly documented. A conservative response bias, the child nominating 'no' during recognition if unsure, would have the effect of shifting the recognition memory response leftward, increasing separation from sedation. It is interesting that the ) as the predictor variable during the induction of dexmedetomidine sedation. Group average plots are indicated in bold. Probability of recognition memory consistently decayed at lower predicted concentrations than onset of sedation, and the distribution of concentrations differences between 50% probabilities are shown in part (B). Positive values indicate that 50% recognition memory occurred at a lower concentration than 50% sedation.
response bias criterion (c) was quite different between the dexmedetomidine group, which was highly conservative, and the control group, being less conservative. There seemed to be no strong relationship with age within group, and other factors may have accounted for this difference. The response bias criterion may vary with difficulty of the task, being more conservative as the task difficulty increases, depending on context. 36 Task difficulty was likely more difficult in the dexmedetomidine group, as these children were younger, and were trying to recall pictures whose recognition memory was impaired by the drug. However, measures of response bias are not well worked out in dynamic situations such as were present during encoding in the dexmedetomidine group, and the difficulty of recognition likely varied for different pictures. 37 Additionally, the measure used for sedation will affect the relation between memory and sedation responses. In this initial study a crude measure of sedation, lack of verbal response, was used. It is highly likely that a more sensitive measure of sedation such as reaction time, or eye movement tracking would have resulted in a leftward shift of the sedation response curve (sedation occurring sooner, or at lower drug concentrations), decreasing the separation between memory and sedation responses. Children, likely anxious as a result of being in the hospital, were thus sedated in a very quiet and peaceful setting by practitioners who possessed a large experience administering dexmedetomidine. In such a calm setting, small degrees of sedation might impair memory substantially more than if the child was, for example, in a noisy operating room. This again would also tend to shift the memory response curve leftward. Residual anxiety, known to impair memory, could also act to inhibit sedation, again increasing separation between memory and sedation responses. 38 39 Thus a number of factors are at play that may explain the temporal or concentration separation between subsequent recognition memory and sedation in the current study.
There are some limitations to our study, unavoidable when performing and designing memory tests on children. For example the need for presenting 100 images in the recovery period over an eight min test period to assess recognition memory, may have resulted in fatigue and non-compliance with the tasks. However, 30 of 42 children fully completed the study and provided data which could be successfully modelled individually. No formal testing for cognitive disability was performed other that the requirement for successful completion of a practice memory task for inclusion in the study. The possibility exists of unrecognized cognitive impairment which could result in poor memory performance in certain individuals, and might explain some of the variability in individual responses. We excluded analysis of two patients who had exceptionally high FA rates, as we felt that this was indicative of confusion regarding how to perform the recognition task. However, an alternative explanation is that these patients used a very liberal response bias. Formal testing for outliers may be warranted in this patient population in the future. Predicted dexmedetomidine concentrations were used to explore the possibility that less variability would be present. Though no major difference was apparent from when time was used as the predictor variable, the dose response appeared to be quite steep, indicating that drug concentration may be a more accurate predictor. Whether variability was related to individual sensitivity or rather inaccurate effect site modeling is difficult to determine. Actual serum and effect site concentrations may be substantially different from predicted serum concentrations. Few pharmacokinetic studies have been done in children, and most were done in the critical care setting. 40 To our knowledge no study has determined rate constants for a sedation pharmacodynamic effect in children (though one study determined a ke0 of $ 10 min for a cardiovascular effect). 41 A definitive PK-PD study children of similar age undergoing minor procedures would be difficult to conduct.
In conclusion, the slow bolus infusion of dexmedetomidine allowed more detailed measures of memory and sedation responses in verbal paediatric patients. In a quiet setting, dexmedetomidine produced impairment of recall, as measured by subsequent recognition memory, some min before loss of responsiveness. Children provided conservative recognition responses, needing a greater degree of confidence to categorize previously experienced pictures as recognized, particularly in the dexemedetomidine group. More controlled studies will be needed to establish whether dexmedetomidine has amnestic properties similar to midazolam or propofol. The requirements for these studies would seem to necessitate stepped or very slowly ramped target concentrations, and possibly dexmedetomidine drug assays. More accurate information about memory might be obtained if step concentrations were used, providing a 'block' (stationary) design which could be analysed using signal detection theory more reliably. Such a study would be difficult to do in children of this age. With the current state of knowledge pertaining to dexmedetomidine sedation, practitioners would be prudent to assume some memory function is present until sedation is sufficient to prevent response to verbal stimulation.
